Introduction
Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/ D) is a hereditary myocardial disorder leading to ventricular arrhythmias and an increased risk of sudden cardiac death (SCD), especially in the young athletes. 1 It is characterized by progressive fibrofatty replacement of cardiomyocytes (CMs) with increased CM apoptosis, primarily in the right ventricle (RV). [2] [3] [4] Mutations mostly occur in genes encoding for proteins of the desmosome. 1, 5 Several prognostic parameters have been associated with adverse outcomes in this entity, but risk stratification in patients with ARVC/ D needs further improvement. [6] [7] [8] [9] It has been shown that increased exercise levels may raise the risk of ventricular arrhythmias in this disease. 10, 11 Furthermore, gender has been suggested to play an important role. Male patients with ARVC/D have been reported to develop life-threatening ventricular arrhythmias at an earlier age as compared to females, although the disease is usually transmitted as an autosomal dominant trait. 4, 9, 12, 13 Thus, sex hormones have been suggested to influence the onset and progression of ARVC/D, but this hypothesis has not been thoroughly investigated.
In an in-vitro ARVC/D model using patient-specific induced pluripotent stem cell-derived CMs (iPSC-CMs), metabolic deregulations due to abnormal activation of peroxisome proliferator-activated receptor-gamma (PPARc), leading to exaggerated fatty acid oxidation (FAO) and lipogenesis, have been suggested to be main pathogenic mechanisms. 3 Inhibition of abnormal PPARc activation in ARVC/D
CMs decreased CM apoptosis and lipogenesis. Other in vitro studies suggested that a defective canonical Wnt signalling pathway may enhance adipogenesis driven by PPARc and also influence protein expression and distribution, especially at the intercalated disc. These mechanisms may exacerbate lipogenesis and apoptosis in ARVC/D CMs.
14 Sex hormones are known to regulate metabolic homeostasis of various cell types, 15 and therefore may influence ARVC/D disease phenotypes. Testosterone as the principle male sex hormone plays an important role in cell growth. Similar to most sex hormones, it is bound to sex hormone-binding globulin (SHBG). In males, testosterone regulates adipogenesis and lipogenesis of fat cells, and improves insulin sensitivity and muscle mass of skeletal muscles. 16 Testosterone has been associated with a higher risk in cardiovascular diseases. 17 Furthermore, testosterone has been shown to increase FAO and enhance de novo lipogenesis. 18 These testosterone effects in increasing lipid utilization and synthesis, if occurring in CMs, could potentially worsen ARVC/D cardiac phenotypes. Additionally, longterm use of exogenous androgens can cause pathological cardiac hypertrophy, dyslipidemia, myocardial oxidative stress and apoptosis. 19 Therefore, the effects of testosterone on ARVC/D phenotypes remain to be investigated. For female hormones, estradiol is the primary female estrogen. It has been shown that estradiol may exert a protective effect on cardiovascular diseases in men and women. 20 In terms of cardiac arrhythmias and gender differences, males are at greater risk for atrial fibrillation, ventricular arrhythmias in Brugada syndrome, and SCD after myocardial infarction. 12, 21 Females have longer QT intervals with a higher risk of drug-induced torsades de pointes as compared to males. Estrogens suppress ischaemia-related arrhythmias and have been associated with fewer idiopathic ventricular arrhythmias originating from the RV outflow tract. [21] [22] [23] The aim of this study was to investigate the influence of sex hormones on the arrhythmic outcome in patients with ARVC/D and on the pathophysiology of this disease.
Methods

Study population
For this study, a total of 54 patients with ARVC/D according to the 2010 Revised Task Force Criteria with a task force score (TFS) > _3 were prospectively enrolled from the Zurich ARVC Program (http://www.arvc.ch; 18 January 2017). The TFS was calculated as two points for a major disease criterion and one point for a minor disease criterion. 24 Only patients in whom prospective blood withdrawal, physical examination, and transthoracic echocardiography (TTE) were performed were included in this study. The diagnosis of ARVC/D was made at time of blood withdrawal. One patient had heart transplantation during the study period and was excluded. The median study period was 1.1 years (IQR 1.0-1.2 years) in order to minimize hormone variations during the long term. All patients signed an informed consent prior to study inclusion, which was approved by the Ethics Committee of the Canton of Zurich (approval number KEK-ZH-Nr. 2014-0443).
Measurement of serum hormone and biomarker levels
Venous blood samples were collected in standard blood collection tubes containing heparin (Vacutainer TM , Beckton Dickinson, Franklin Lakes, NJ, USA) between 8.00 and 11.00 a.m. After blood collection, immediate centrifugation was carried out for 10 min at 2700 g at room temperature. Supernatant was aspirated, centrifuged, aliquoted into cryovials, and stored at -80 C until assayed. Estradiol, testosterone, progesterone, pro-brain natriuretic peptide (pro-BNP), and high sensitive cardiac troponin T (hs-c TnT) were measured by using electro-chemiluminescence immunoassays and the Cobas 8000 from Roche Diagnostics, (Rotkreuz, Switzerland). Dehydroepiandrosterone-sulfate (DHEA-S), androstenedione, sex hormone-binding globuline (SHBG), and insulin were measured by using chemiluminescent immunoassays on the Immulite 20000XPi from Siemens Healthcare (Zurich, Switzerland). Glucose, triglycerides, total cholesterol, and high-density lipoprotein (HDL) cholesterol were measured using photometric enzymatic tests and the Cobas 8000 from Roche Diagnostics. Free and bioavailable testosterone levels were calculated using the Vermeulen's method. 25 All tests were performed according to the manufacturers' protocols.
Assessment of clinical data, exercise levels, and genetic mutation status
Transthoracic echocardiography (TTE) was performed at the time of blood withdrawal to determine left (LV) and RV function. Severe RV dysfunction was defined as a RV fractional area change (FAC) below 23%. LV involvement was considered to be present when LV ejection fraction (EF) was <50%, or regional LV wall motion abnormalities were visible, as previously described. 6 The individual level and type of physical exercise
were assessed during patient interviews based on a prespecified questionnaire. Genetic analysis was performed as previously described (see Supplementary methods for details).
26,27
Outcome parameters A major arrhythmic cardiovascular event (MACE) after study inclusion was defined as SCD, survived SCD, ventricular fibrillation (VF), sustained ventricular tachycardia (VT), or arrhythmic syncope. These data were obtained from clinical reports, during clinical visits, and telephone interviews. Serum hormone and biomarker levels, exercise levels, and other clinical data were compared between patients with MACE and those with a favourable outcome.
In vitro model of ARVC/D using patientspecific iPSC-CMs A previously established in vitro ARVC/D model was used to study the direct effects of testosterone and estradiol on ARVC/D CMs. 3 Briefly, using
Yamanaka's 4 pluripotent factors, we have established iPSC lines from fibroblasts of an ARVC/D patient (JK#11 iPSC line) with homozygous c.2484C > T mutations in plakophilin-2 (PKP2), leading to frame-shifted Cterminals that failed to anchor plakoglobin (JUP) to the sarcolemmal membrane. We first induced cardiac differentiation of ARVC/D iPSCs using standard cardiogenic media to form iPSC-CM beating clusters for 30 days. 3 We then used a newly developed three factor [3F = 0.5 mM dexamethasone, 1 mg/mL insulin and 0. 
Statistical analysis
Continuous variables are presented as median with interquartile ranges (IQR). Categorical variables are reported as frequency (percentage).
Comparisons between patients with MACE and those without were performed by the Mann-Whitney U-test and by Fisher's exact test, as appropriate. Patients were grouped on the binary dependent variable (MACE yes/no) since the study design was that of a case (MACE yes)-control (MACE no) study. To compare more than two variables, ANOVA and the Kruskal-Wallis test with post-hoc-analysis were performed. A paired Student's t-test was used to compare means of variables. Furthermore, odds ratios (OR) with 95% confidence intervals (CI) were calculated using binary logistic regression to provide a measure of effect. We performed bivariable and multivariable analyses for age, gender, and other important clinical covariates in order to adjust for confounders. To avoid overfitting, we restricted our multivariable models to a maximum of three variables. ROC analysis was performed using Youde ns index to determine the cut-off levels with optimal sensitivity and specificity. All statistical analyses were performed using SPSS Statistics version 23 (IBM Switzerland, Zurich, Switzerland) and Prism version 5 software (GraphPad Software Inc., La Jolla, California, USA).
Results
Baseline characteristics and association with clinical outcome
Clinical data and serum levels of sex hormones and biomarkers are presented in Table 1 . All patients had a TFS > _3. 24 The median time between blood withdrawal and MACE was 146 days (IQR 88-218 days). Twenty-six patients (48%) experienced a MACE during a median study period of 1.1 years (IQR 1.0-1.2 years) ( Table 2) . No patient died during follow-up. There were no significant differences in age, blood pressure, body mass index and prevalence of diabetes and physical activity between patients with and without MACE. Patients with MACE had significantly higher TFS as compared to those without. RV-FAC was significantly lower and there was a trend towards lower LVEF in patients with MACE. Glucose and lipid levels were not different between the two groups. Hs-c TnT and pro-BNP were both increased in patients with MACE. As expected, sex hormone levels showed a great range, mostly due to gender differences. Nevertheless, total serum testosterone was significantly higher, and DHEA-S was significantly lower in patients with MACE as compared to those without. We also investigated a potential association of desmosomal mutation status and MACE, but did not observe any statistical differences between desmosomal mutation carriers and the remaining patients ( Table 1) .
To assess for confounding effects of a potential variability of hormone levels, in a random sample of 11 patients, serum measurement of the sex hormones testosterone, estradiol, progesterone, SHBG, and DHEAS were repeated after a median of 1.0 day (IQR 0.5-1.8 days). The median intra-individual variation for testosterone in these 11 patients was 10.7% (IQR 6.3-43%), which was lower than the difference between the mean testosterone levels of patients with MACE and those with a favourable outcome. Moreover, serial measurements of serum testosterone levels in these 11 patients did not show any significant differences between baseline and follow-up (see Supplementary material online, Table S1 ).
Increased serum testosterone levels in male patients with MACE
Since sex hormone levels, especially testosterone and estradiol, differ between males and females, and our patient population was predominantly male, we performed a subgroup analysis in which we compared clinical characteristics, sex hormone levels, and other serum biomarkers in male patients with and without MACE ( Table 3 and Figure 1 ). Nineteen male patients (49%) experienced MACE during the study period. Similar to the whole patient population, male patients with a favourable outcome significantly differed from those who experienced MACE. Regarding clinical parameters and serum markers, male patients with MACE had higher TFS, lower RV-FAC levels and a trend towards higher hs-c TNT levels (P = 0.06). Male patients who experienced MACE had higher total free and bioavailable testosterone levels, higher SHBG levels, and lower DHEA-S levels ( Figure 1) . Moreover, there were no significant differences in testosterone levels between sedentary males, and those who did recreational or competitive sports. However, a trend towards higher testosterone levels in male patients engaging in competitive sports as compared to sedentary patients was observed (P = 0.08). In a subgroup analysis including only male patients with a definite ARVC/D diagnosis and a TFS >4 (n = 28), testosterone and SHBG remained significantly increased, and DHEA-S showed a trend for decreased levels in male patients with MACE ( Figure 2 ).
Increased serum testosterone as an independent predictor of MACE in males
To determine the OR for MACE per 1 nmol/l increase in serum testosterone levels, we performed regression models that were adjusted for other confounding factors such as age, BMI, TFS, LVEF, and Table  S2 ). These multivariable models revealed that an increase in total serum testosterone levels remained the strongest independent predictor of MACE with a significantly increased OR in the male population after adjusting for confounders. An increased TFS and reduced RV-FAC also remained independent predictors of MACE ( Figure 3B and C). To identify the optimum cut-off levels of testosterone to distinguish patients with MACE from those without, receiver-operating characteristics curves were calculated for serum total, free and bioavailable testosterone (Figure 4) . Total testosterone levels above 13. 5 nmol/l predicted MACE with a sensitivity of 84% and a specificity of 75%. For free testosterone levels, the optimum cut-off of >264 pmol/ l had a sensitivity of 74% and a specificity of 75%, and for bioavailable testosterone the optimum cut-off levels were >6.2 nmol/l yielding a sensitivity of 79% and a specificity of 75% (Figure 4) .
Decreased serum estradiol levels in female patients with MACE
Baseline characteristics are presented separately for our female cohort ( Figure 5 and see Supplementary material online, 10 (18) 3 (11) 7 ( 
MACE had significantly higher TFS and lower RV-FAC.
Regarding exercise, only one out of seven sedentary female patients had MACE (P = 0.03), whereas six out of eight females, who did recreational sports experienced MACE (P = 0.04). None of the female patients engaged in competitive sports. Regarding sex hormones in the female subgroup, estradiol levels were significantly lower in the group with MACE as compared to the group with a favourable outcome. There was also a trend towards higher hs-c TnT levels (P = 0.06) in females. In a subgroup analysis including only female patients with a definite ARVC/D diagnosis and a TFS >4 (n = 11), estradiol remained significantly decreased in patients with MACE ( Figure 2 ).
Role of desmosomal mutation status
Genetic testing was available in 48 ARVC/D patients and revealed 14 patients harbouring a single heterozygous desmosomal mutation, and seven patients with a heterozygous non-desmosomal mutation (two patients with pathogenic TTN variants, three patients with ryanodine receptor 2 (RYR2) mutations, one patient with a transmembrane protein 43 (TMEM43) mutation, and one patient with a lamin A/C (LMNA) mutation. DSG2 was the most common, and PKP2 was the second most common mutation out of the desmosomal mutations.
Ten patients had at least two mutations/pathogenic variants (at least one desmosomal mutation each) ( Figure 6A) . Furthermore, to determine whether desmosomal mutations had an influence on MACE in male patients, we included genetic mutation status in a bivariable model ( Figure 6B ). Testosterone remained independently associated with MACE, whereas no significant association between positive desmosomal mutation status and MACE was observed. To assess the impact of gender per se, we compared patients with desmosomal mutations and MACE vs. patients with desmosomal mutations with a favourable outcome (n = 24) stratified by gender, but did not find any statistical differences (10/18 males vs. 5/6 females, P = 0.35). Of note, male desmosomal mutation carriers with MACE had significantly higher serum testosterone levels as compared to male desmosomal mutation carriers with a favourable outcome (19.5 To explore if sex hormones play a pathogenic role in ARVC/D pathologies, we used a previously published in vitro ARVC/D model and generated iPSC-CMs from an ARVC/D patient with homozygous c.2484C > T mutations in PKP2 3 to determine if testosterone or estradiol directly affect apoptosis and lipogenesis in ARVC/D iPSCCMs. In this model, 2 weeks of treatment with 5F pathogenic media induced 16.4 ± 1.2% apoptosis and 1.7 ± 0.1 lipid droplets/CM in ARVC/D iPSC-CMs. Since total testosterone levels above 13.5 nmol/ l predicted MACE in our patient cohort, we added 5 ng/mL (17.3nmol/l, a clinically relevant concentration) testosterone to 5F media. Adding 17.3 nmol/l testosterone to 5F led to a small, but significant additional increase in CM apoptosis and lipid accumulation (19.0 ± 2.1% apoptosis and 2.1 ± 0.2 lipid droplets/CM (Figures 7 and  8) . To investigate the role of estradiol based on the data in Figure 5 , we added 50 pg/mL (183.6 pmol/l) estradiol to 5F media, which significantly decreased CM apoptosis to 6.8 ± 1.5% and lipid accumulation to 1.2 ± 0.1 lipid droplets/CM within 2 weeks of culture ( Figures  7 and 8) . Of note, normal iPSC-CMs without any desmosomal mutation showed minimal CM apoptosis (<5%) and lipid accumulation after the same treatment with 5F pathogenic media. 14 Neither testosterone nor estradiol significantly changed CM apoptosis/lipogenesis in normal iPSC-CMs (not shown). The statistically significant but small detrimental effects of testosterone over a 2-week duration suggest that longer durations of high testosterone might elicit more ARVC/D CM pathologies. Thus, these data support strongly that increased levels of testosterone accelerate ARVC/D pathologies, while premenopausal female estradiol levels slow down exaggerated apoptosis and lipid accumulation in ARVC/D CMs.
Discussion
This is the first study to investigate the role of sex hormones and their association with MACE in patients with ARVC/D. We were able to show that elevated serum testosterone levels were independently associated with MACE in male ARVC/D patients, whereas in female patients with MACE estradiol levels were significantly decreased. Furthermore, our clinical observations were supported by a human iPSC-CM based experimental model, to provide novel pathogenic insights of an inherited cardiomyopathy and to decipher its disease mechanisms. At clinically relevant concentrations, elevated testosterone levels worsened, whereas normal premenopausal estradiol levels decreased CM apoptosis and lipogenesis. These findings suggest that sex hormones are not just randomly associated with clinical outcomes in ARVC/D, but they also influence disease pathogenesis. In this study, male patients with MACE had significantly increased serum testosterone levels as compared to those with a favourable outcome, and increased testosterone levels remained a strong independent predictor of MACE after adjusting for established clinical risk factors. Furthermore, we showed that the presence of desmosomal mutations did not influence the association of high testosterone levels with MACE. Our analysis revealed a serum testosterone cut-off value of >13.5 nmol/l that was associated with an optimum sensitivity and specificity for predicting MACE. Previous in vitro and in vivo studies have suggested that high testosterone levels may have pro-arrhythmic effects through modulation of cardiac contraction and calcium homeostasis. [28] [29] [30] [31] Other studies suggested that arrhythmias may occur due to higher adrenergic activity increasing apoptosis, which would worsen ARVC/D pathologies. 32, 33 the arrhythmic potential in this specific disease constellation, since in our in vitro model, the healthy CMs did not show increased lipogenesis and apoptosis after 5F pathogenic induction. 3 In female patients with MACE, we observed reduced serum estradiol concentrations, also in the subgroup of patients with definite ARVC/D and desmosomal mutations. This finding supports the role of estradiol as a cardioprotective hormone and is well in line with several studies demonstrating its antiarrhythmic effects. 21, 23 Another recent study proposed that estradiol prevents apoptosis due to beneficial effects against oxidative stress in non-reproductive tissue. 34 Reduced estradiol levels in female patients may therefore lead to an aggravation of ARVC/D after the onset of menopause, and likely explain the late disease onset in females as compared to males. 5, 9, 12 To investigate the pathogenic role of our clinical findings, it was important to use an in vitro model to fully recapitulate a pathological phenotype. For this reason, an established human iPSC-CM based ARVC/D model was used to show that sex hormones were directly involved in the disease process. High testosterone levels slowly accelerated the disease process over time and normal pre-menopausal estradiol levels slowed down CM apoptosis and lipogenesis. Together with other in vivo and in vitro studies showing the direct effects of sex hormones on cardiomyocytes and arrhythmogenesis, 5,28-30 our findings emphasize the direct role of sex hormones in influencing disease pathology. With regard to this, our data extend findings from previous publications, and may explain why male ARVC/D patients present with more severe phenotypes as compared to females, 5, 9 although ARVC/D is usually inherited as an autosomal-dominant trait. Our finding that low DHEA-S levels were associated with MACE corresponds to previous studies emphasizing the cardio-protective role of DHEA-S in men. 35 It has been shown that SHBG acts as a regulator of testosterone, which could explain its association with MACE in this study. 36 In line with previous studies, a decrease in LVEF and RV-FAC, a higher TFS, and elevated hs-cTnT and proBNP levels were associated with MACE, well reflecting that patients with more advanced disease stages have a higher risk of arrhythmic events. [6] [7] [8] [9] 37 Elevated cTnT levels have also been associated with arrhythmias, particularly in the so-called hot phases of ARVC/D, likely reflecting on-going cardiac injury. 38 
Limitations
Although we were able to show that sex hormones directly influence the disease process, we were not able to adjust for all confounders due to our limited patient size. The sample size and genetic heterogeneity did not allow for assessing the effects of different genetic mutations on outcome. Out of 15 patients, who presented with a borderline diagnosis of ARVC/D at study enrolment, 7 patients developed definite ARVC/D at last follow-up. Yet, in the remaining 8 patients, there remains uncertainty about ARVC/D as the underlying pathology. We reduced short-term variations of sex hormones to a minimum and our serial measurements of testosterone levels confirmed that biological variability was lower than the difference between mean testosterone levels of patients with MACE and those with a favourable outcome; nonetheless, it has to be acknowledged that sex hormone levels can vary, particularly during the mid-and long-term for the same individual for various reasons.
In conclusion, we combined a clinical study with an in vitro model to provide new pathogenic insights into the role of sex hormones in ARVC/D. Our study shows that elevated testosterone and decreased estradiol serum levels are independently associated with MACE in patients with ARVC/D, and likely have an influence on disease pathology. Thus, determining serum hormone levels besides other established risk factors may serve as a useful tool in the risk stratification process. 39, 40 This study further suggests that human iPCS-CM based disease models can be used to support the pathogenic roles of clinical observations in an inherited cardiomyopathy.
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